Abstract: Many proteins are post-translationally modified by the attachment of poly-ubiquitin (Ub) chains. Notably, the biological function of the attached Ub chain depends on the specific lysine residue used for conjugate formation. Here, we report an easy and efficient method to synthesize site-specifically linked Ub dimers by click reaction between two artificial amino acids. In fact, we were able to synthesize all seven naturally occurring Ub connectivities, providing the first example of a method that gives access to all Ub dimers. Furthermore, these synthetic Ub dimers are recognized by the natural ubiquitination machinery and are proteolytically stable, making them optimal candidates to further investigate the function of differently linked Ub chains.
Ubiquitin (Ub) first attracted great attention when the Ubmediated protein degradation pathway was discovered in the late 1970s. 1 Today, we know that in addition to its function in protein degradation, Ub also has non-proteolytic functions and plays a fundamental role in the control of many biological processes, including cell cycle regulation, transcription, DNA repair, and apoptosis. 2 Substrate proteins are often modified by the attachment of polyUb chains. Poly-Ub chains consist of several Ub moieties that are linked to each other via isopeptide bonds between a specific lysine residue of one Ub and the C-terminal glycine of the next Ub. Ub contains seven lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63), each of which can be used for poly-Ub chain formation. 3 It is important to note that the actual lysine residue of Ub used for Ub-Ub conjugation is assumed to determine the biological function of the respective poly-Ub chain. 4 Today, it is possible to enzymatically synthesize Lys48-and Lys63-linked poly-Ub chains 5 that can be employed in structural and functional studies. However, they are less suited for experiments with whole-cell lysates, since these contain Ub-specific proteases that efficiently cleave natural Ub conjugates. 6 Furthermore, this approach is limited by low productivity and by the availability of respective enzymes. Recently, several methods for site-specific Ub protein conjugation were reported, including oxime-based ligation 7 and native chemical ligation. 8 The Cu(I)-catalyzed Huisgen azide-alkyne cycloaddition (click reaction) 9 was used to link Ub and several Ub-like proteins (Ubl's) to a model protein. 10 A thioether ligation approach was explored for the synthesis of a Ub dimer.
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Here we report on the synthesis of all seven possible ubiquitin dimers by linking the C-terminus of one Ub to the respective natural linkage position of a second Ub via click reaction. Our approach is based on incorporating an azide and an alkyne, respectively, into Ub via artificial amino acids and linking them by click reaction (Figure 1 ). The azide function was introduced via the methionine analogue azidohomoalanine (Aha) 12 ( Figure 2a ) and the alkyne function via a pyrrolysine analogue, the propargyl-protected lysine derivative Plk 7, 13 (Figure 3a) . The click reaction between the two entities results in a triazole linkage of both molecules. Of note, it is unlikely that replacement of the natural isopeptide bond by a triazole linkage disturbs the natural Ub-Ub conformation, since it has been reported that the isopeptide linkage region is generally disordered.
14 First, we introduced Aha at the C-terminus of Ub by substituting the codon for the C-terminal Gly by a Met codon (Figure 2a-c) .
At the same time, we wanted to eliminate the N-terminal Met, as a second incorporated azide would foil the envisaged site-specific approach. It is known that, in more than half of the Escherichia coli proteins, the N-terminal Met is co-translationally removed by methionine aminopeptidase (MetAP). However, activity of MetAP is dependent on the second and third amino acids of the protein. Small amino acids like Ala, Gly, and Ser facilitate N-terminal Met excision (NME), while bulky amino acids inhibit the process. 15 It was shown that this rule also applies to the non-natural amino acid Aha. 16 In Ub, the second and third amino acids are Gln and Ile, respectively, and thus, the initial Met is retained upon translation. In order to achieve removal of the first amino acid, we introduced Ala and Ser between the initial Met and Gln at position 2. This construct (MASUb76M, Figure 2b ) was expressed in Met auxotrophic E. coli B834(DE3). Cells were cultured under limiting Met concentration until they reached stationary growth. The growth medium was then switched to fresh minimal medium containing Aha, and protein expression was induced. Indeed, we were able to isolate the target protein with the initial amino acid quantitatively cleaved off and the C-terminal Met completely replaced by Aha, as confirmed by ESI-MS (Figure 2d,e) .
Having a Ub derivative with a selectively introduced azide at a single position in hand, we next tested its potential for click reactions and employed an alkyne-functionalized fluorophore and an alkyne-functionalized biotin. Both were successfully used to label the Ub sample (see Supporting Information, Figure S1 ). These experiments demonstrated that the azide is situated on the surface of the protein and that it is accessible for chemical reactions. Of note, in contrast to commercially available, unspecifically biotinylated Ub, this procedure allows us to label Ub site-selectively with biotin (other positions were also investigated, data not shown). Furthermore, we used these systems to optimize the click reaction conditions. Copper sulfate in the presence of tris(2-carboxyethyl)phosphine (TCEP) as a reducing agent and tris[(1-benzyl-1,2,3-triazol-4-yl)methyl]amine (TBTA) as a Cu(I)-stabilizing agent worked best. 10 The second aim was to incorporate an alkyne functionality via the pyrrolysine analogue Plk at each of the seven lysine positions (Figure 3a,b) . Pyrrolysine analogues can be incorporated through the amber stop codon UAG via a pyrrolysyl-tRNA synthetase/ tRNA CUA pair from Methanosarcina barkeri in E. coli. 7, 13 Each of the seven lysine codons of wtUb was separately mutated to the amber stop codon TAG. The gene for the pyrrolysine tRNA synthetase pylS was obtained from genomic DNA from M. barkeri and cloned into pRSFduet. The gene for the pyrrolysine tRNA was synthesized together with the lipoprotein promoter lpp and cloned into the backbone of pET11a already containing the gene for Ub (TAG-Ub) in its multiple cloning site. Both vectors were cotransformed into BL21(DE3) for expression. By this method, we were able to incorporate Plk at all seven lysine positions (11Plk-Ub is shown in Figure 3d ,e as an example).
To show that the modified Ub's are still biochemically active, we performed an auto-ubiquitination assay with E6-AP (see Supporting Information, Figure S2) . 17 This process relies on the presence of functional Ub and can be visualized on SDS-PAGE gels where high-molecular-mass bands representing ubiquitinated forms of E6-AP arise, whereas the intensity of the band at 95 kDa representing the non-modified form E6-AP diminishes. As expected, only Ub derivatives with an internal artificial amino acid were active in this assay, but not the samples in which the C-terminus is modified. When a Lys position is modified, the respective Ub can still be activated and attached to proteins by isopeptide linkage formation. Furthermore, poly-Ub chains can still be formed by using the six remaining Lys residues. However, when the C-terminus of Ub is modified, it can no longer be activated by E1 and, thus, cannot be attached to other proteins.
By the above approaches, we were able to express and purify an azide-functionalized Ub (76AhaUb) and seven alkyne-functionalized Ub's (6PlkUb, 11PlkUb, 27PlkUb, 29PlkUb, 33PlkUb, 48PlkUb , and 63PlkUb) in large quantities. Click reactions were set up with a 1:1 ratio of 76AhaUb and each of the seven PlkUb's. Analysis of the reactions by SDS-PAGE showed the formation of a new band at about 13-14 kDa (Figure 4a ) that was not detectable in the negative control experiment, where only one of the two Ub species was present (data not shown). As anticipated, this newly formed band stained positive in a Western blot with anti-Ub antibodies (data not shown). Trypsin digest of the dimer bands followed by MS analysis confirmed the presence of all seven triazole-linked peptide fragments (11PlkUb-76AhaUb is shown as example in Figure 4b ; other combinations are shown in Supporting Information, Figures S3-S8 ). The respective Ub dimers were purified from the two reactants by size exclusion chromatography and analyzed by ESI-MS (Figure 4c,d, 11PlkUb-76AhaUb ). To determine if the synthetic Ub dimer is still biochemically active, we performed E6-AP auto-ubiquitination assays with the dimer as the only source of Ub. The appearance of the highmolecular-mass band in lane 3 of Figure 5 shows that the synthetic Ub dimer can still be used for poly-Ub chain formation, indicating that the synthetic Ub dimer is still recognized by the natural ubiquitination machinery (i.e., the unmodified C-terminus of 11PlkUb and the unmodified lysine positions can still be used for ubiquitin activation and subsequent conjugation reactions, respectively).
In summary, we established an easy and efficient method to form site-specifically linked Ub dimers that are still recognized by ubiquitinating enzymes. To our knowledge, this is the first description of a method that gives access to all seven possible linkages, laying the foundation for further investigations of the function of differently linked Ub chains. In the future, these Ub dimers can, for example, be used to generate linkage specific antibodies or to identify new linkage-specific interaction partners. Furthermore, this method is not restricted to Ub and allows linking any two proteins in a site-specific manner.
